Acidophilic iron-oxidizing bacteria were enriched from mine water samples with ferrous sulfate as the substrate at incubation temperatures in the range of 4 to 46°C. After several subcultures at each test temperature except 46°C, which was prohibitive to growth, the rates of iron oxidation were determined in batch cultures. The results yielded linear rates in a semilogarithmic scale. The rate constants of iron oxidation by growing cultures were fitted into the Arrhenius equation, which displayed linearity in the 4 to 28°C range and yielded an activation energy value of 83 ± 3 kJ/mol.
Thiobacillus ferrooxidans is a mesophilic bacterium with an optimum temperature in the range of 25 to 35°C (1, 5, 12, 15) . The optimum temperature for T. ferrooxidans has not been precisely defined because it is subject to variation among strains. The optimum temperature has been recognized to be pH dependent in that a decrease in pH lowers the optimum temperature of growth and iron oxidation (2, 13) . For example, the optimum temperature of T. ferrooxidans is 33°C at pH 2.5 and 30°C at pH 1.5 (13) . The reason for this shift in the optimum temperature in relation to the pH is not known. Similarly, temperature-related changes in Ki values have been reported for Cu2+ (8) and Fe3+ (10) determined for bacterial ferrous iron oxidation. Kovalenko and Karavaiko (9) also reported that the maintenance energy requirement increased with lower temperatures in T. ferrooxidans cultures. Overall, these previously noted shifts with temperature indicate that these bacteria undergo metabolic or kinetic changes which remain largely unknown. The upper temperature limit is approximately 42 to 43°C, whereas the lower temperature range is not well defined for these bacteria. Iron oxidation has been demonstrated to occur at temperatures as low as 5 to 6°C (3, 10) .
Acidophilic chemolithotrophs of the Thiobacillus type, which oxidize inorganic compounds of iron and sulfur for energy, have potential commercial use in the mining industry, as they can be used to solubilize metals from minerals and to produce lixiviants, acidic ferric sulfate solutions, for hydrometallurgical processes. Many of these developments will require operation at ambient surface or underground temperatures. While laboratory studies on these bacteria have been usually carried out near or at optimal temperatures, ambient temperatures in underground mines are below the optimum range for these mesophilic bacteria. Temperatures in underground mines vary from 5 to 15°C, whereas surface temperatures in heap leaching typically vary from below-freezing to up to 50°C or even higher (7, 14) . The amount of sulfide minerals, accessibility to oxidizing agents, airflow patterns, and the heat transfer characteristics of ore piles are some of the factors which greatly influence the temperature profile in a given mineral environment.
The purpose of the present work was to define the lower temperature limit for iron-oxidizing acidophiles by charac-terizing the kinetics of bacterial ferrous iron oxidation at suboptimal temperatures. This was of particular interest in view of the source of the initial sample material, which originated from a mine in eastern Finland, where a long winter with subzero temperatures prevails 5 to 6 months a year. Our preliminary findings had indicated that mine waters and exposed rock surfaces as well as the tailings at this mine contained iron-oxidizing Thiobacillus-type bacteria.
MATERIALS AND METHODS
Three water samples were collected from a copper mine (Keretti) The mine water samples were composited before inoculation because it was not known at the time of sampling whether each of the three water samples would yield ironoxidizing acidophiles upon enrichment if used separately; moreover, it was not within the scope of the present study to determine the bacterial distribution at the mine site. Combining the water samples therefore increased the prospect of successfully developing enrichment cultures for further study without resorting initially to three separate series of culture flasks at each test temperature. It should also be noted that although one water sample had a high pH and a low redox potential, it was composited with the other two samples in the present study. This diversity of pH and redox potential in the composite sample was deemed appropriate because it reflected the actual variation at the source. It was also rationalized that the composite sample might yield a broader spectrum of iron-oxidizing bacteria than might be derived with only one or two acid water samples.
For enrichment and iron oxidation studies, a mineral salts solution (initial pH, 1.5) was used which contained 0.4 g each of MgSO4 7H2O, (NH4)2SO4, and K2HPO4 per liter.
Ferrous sulfate (FeSO4 7H20) was used as the substrate to provide 6 mined in 100-ml cultures in 250-ml shake flasks at 180 rpm. Duplicate cultures were used at each test temperature. Chemical controls (uninoculated medium) were initially included in incubations at 4 and 37°C. The rate of chemical oxidation of ferrous sulfate was negligible at these temperatures. Substrate oxidation was monitored by determining the residual ferrous iron concentration at various intervals. The residual Fe2+ concentration was determined by a titrimetric method with potassium permanganate as the titrant (17) . For rate calculations, the data from shake flask cultures were used.
The time course data for ferrous iron oxidation were fitted by both linear and semilog plots. The rate constants (,u) were derived from the semilogarithmic plots by calculating the respective slopes for each data set. Generation times (td) were calculated from the rate constants by the following equation: td = (ln 2)/p. = 0.693/,u. The rate constants were fitted into the Arrhenius equation to yield a diagram which was used to derive a value for the activation energy (Ea) of ferrous iron oxidation:
= Ae-Ea/RT where A is a constant (the so-called frequency factor), R is the gas constant, and T is the temperature in degrees Kelvin. Note that the time scale is different from that in Fig. 2 . The bars Several cultures were tested, and they are identified by their indicate the standard error. Fig. 5 . The slope of the Arrhenius plot yielded a value of 83 + 3 kJ/mol for the activation energy (Ea) based on the data points in the 4 to 28°C range presented in Fig. 5 . The ,. value determined for the 37°C incubation was excluded from calculation of the Ea because it appeared to deviate from the linearity of the regression line. In other words, the 37°C incubation temperature was higher than the optimum temperature, and therefore some decline in the rate of biological iron oxidation was already apparent at that temperature. (11) were a result of short-term iron oxidation measurements with cell suspensions. Similar short-term measurements of iron oxidation were reported by Guay et al. (6) and yielded an Es, value of 50 kJ/mol on the basis of data points in a temperature range between 20 and 32°C. The different experimental method is also apparent from the observation that in short-term experiments, the iron oxidation rates increased with temperature up to 60°C for cell envelopes and up to 53°C for intact cells (11) We thank Petteri Hietanen for skillful technical assistance during the incubation experiments and Laurie Haldeman for typing the manuscript.
